Background
==========

Renal cell carcinoma (RCC) is the ninth most common malignant cancer in males worldwide \[[@b1-medscimonit-23-3360]\]. The incidence of RCC usually varies geographically and developed countries tend to have higher incidence \[[@b2-medscimonit-23-3360]\]. Most RCC patients are at early stages (localized diseases), and about one-third of RCC patients are at advanced stages with metastasis \[[@b3-medscimonit-23-3360]\]. Although surgical strategies are still major therapeutic methods for RCC patients, they are not effective for advanced RCC patients. In recent decades, many new treatments have been developed for RCC, such as targeted therapies and novel chemotherapeutic strategies \[[@b4-medscimonit-23-3360],[@b5-medscimonit-23-3360]\]. However, the median survival of RCC patients with 1 or more adverse features, such as hypercalcemia and anemia, is still less than 3 years \[[@b6-medscimonit-23-3360],[@b7-medscimonit-23-3360]\]. Thus, new treatments need to the be developed for RCC patients.

Immune checkpoint blockade molecules are a class of proteins that negatively regulate the immune response at multiple levels \[[@b8-medscimonit-23-3360],[@b9-medscimonit-23-3360]\]. Cytotoxic T lymphocyte-associated antigen 4 (CTLA-4), programmed cell death protein1 (PD-1), and programmed death-ligand 1 (PD-L1) are representatives. Under some pathophysiological circumstance, such as a tumor microenvironment that is beneficial for tumor development, immune checkpoints are highly expressed to suppress anti-tumor immunity \[[@b8-medscimonit-23-3360]--[@b12-medscimonit-23-3360]\]. Therefore, immune checkpoint blockade therapies have been developed and are effective in treating several cancers. However, previous studies of immune checkpoint blockade therapies in RCC showed limited objective response and activity \[[@b7-medscimonit-23-3360],[@b13-medscimonit-23-3360]\]. Therefore, there is a great need to increase the sensitivity of RCC patients to immune checkpoint blockade therapy.

Considering that effective anti-tumor immunity relies on sufficient antigen exposure and a positive immune-regulating microenvironment, which can be achieved by chemotherapies, we hypothesized that certain chemotherapies might promote the anti-tumor immunity and synergize immune checkpoint blockade therapies in RCC. Here, we explored the effects of commonly used chemotherapies and the anti-PD-L1 combination treatment in RCC preclinical models.

Material and Methods
====================

Cell culture
------------

Murine RCC cell line Renca (ATCC^®^ CRL-2947™) and human RCC cell line 769-P (ATCC^®^ CRL-1933™) were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum, 2 mM L-glutamine, non-essential amino acids (NEAA) (0.1 mM extra only for Renca), 100 U/mL penicillin, and 100 μg/mL streptomycin. Caki-1 cell line (ATCC^®^ HTB-46™) was cultured in McCoy's 5a medium modified by adding 10% fetal bovine serum. All cells were maintained in an incubator with 95% humidified atmosphere and 5% CO~2~ at 37°C. Subculture was performed when the cells were 80--100% confluent. All the cells were purchased from ATCC (VA, USA). Different treatment groups contained: saline, cyclophosphamide (Cytoxan, 200 μM), 5-fluorouracil (5-FU, 15 μM), and paclitaxel (8 nM). Each drug was added to incubate for 24 h.

Fluorescence-activated cell sorter analysis
-------------------------------------------

Fluorescence-activated cell sorter (FACS) analysis was performed to measure the number of CD8+ cells and CD11b^+^Ly6G^+^Ly6C^low^ myeloid-derived suppressor cells (MDSC) from the RCC tumor tissue of animal models. Fluorescence-labeled primary antibodies (Abs), including anti-CD8, anti-CD11b, anti-Ly6G, and anti-Ly6C Abs, were purchased from Biolegend. Tumor tissues were chopped and minced to small pieces and disassociated into suspended single cells by collagenase type I. Primary antibodies were then added to the cells to incubate for 30 min at 4°C, followed by washing with PBS 3 times, analysis using a FACSCanto II machine (Becton Dickinson, NJ, USA), and visualization by Flow Jo software.

Cytokine assay
--------------

The levels of cell cytokines of RCC tumor tissues from the animal model, including IFN-γ, TNF-α, IL-2, high mobility group box 1 (HMGB1), and perforin, were measured by an enzyme-linked immunosorbent assay (ELISA) kit (ThermoFisher Scientific, CA, USA) following the manufacturer's instructions.

Animal model
------------

An animal model of RCC was established using Balb/c mice (female, 6-week old, 19--21 g) and Renca cells. All mice were purchased from the Experimental Animal Division, Peking University Health Science Center (Beijing, China). A total of 0.5×10^6^ Renca cells were subcutaneously inoculated into the flanks of mice. All mice were maintained in a specific-pathogen-free environment with access to clean water and standard food. Treatments started on the mice bearing visible tumors 1 week after the inoculation. Each treatment group contained 10 mice. The treatment groups included the control groups (IgG), 5-FU (20 mg/kg), anti-PD-L1 Abs (200 μg/dose), and anti-PD-L1 (200 μg/dose) +5-FU (20 mg/kg) groups. Each mouse was treated once a week. The tumor volume (equals width^2^×length×π/6) was measured and recorded every week and the survival status was checked every day. Tumor tissue was harvested for further study after the mice were sacrificed due to large tumor volume or at the observation end point.

Statistical analysis
--------------------

All statistical analysis and data visualization were performed using Graph Pad software (CA, USA). One-way ANOVA and Bonferroni pairwise comparisons were used to analyze the difference of means between different groups. Kaplan-Meier method was used to perform survival analysis. Differences with two-tailed P\<0.05 were considered as statistically significant.

Result
======

RCC mouse model was resistant to anti-PD-L1 treatment
-----------------------------------------------------

Many advanced RCC patients are resistant to immune checkpoint blockade therapy. To mimic this drug resistance phenotype, we created the RCC subcutaneous mouse model using Renca cells and treated them with anti-PD-L1 Abs. As shown in [Figure 1A](#f1-medscimonit-23-3360){ref-type="fig"}, the anti-PD-L1 treatment barely inhibited the RCC tumor development. The mice treated by anti-PD-L1 Abs showed a survival curve similar to that of the control group. Consistently, the tumor volume growth of the anti-PD-L1 Abs-treated group and the control group were also similar ([Figure 1B](#f1-medscimonit-23-3360){ref-type="fig"}). These data suggested that this RCC mouse model was resistant to anti-PD-L1 treatment. Thus, we used it for further study to explore the new treatment of RCC.

Chemotherapy promoted the effects of anti-PD-L1 treatment in RCC mouse model
----------------------------------------------------------------------------

In an *in vitro* study, we explored the ability of multiple chemotherapies, such as Cytoxan, 5-FU and paclitaxel, to induce tumor immunity. Interestingly, we found that these chemotherapies induced the release of HMGB1 from RCC cell lines Renca, Caki-1, and 769-P ([Figure 2](#f2-medscimonit-23-3360){ref-type="fig"}). Among these chemotherapies, 5-FU achieved the strongest effects in inducing HMGB1 release, which suggested that chemotherapy might be a supportive factor that enhances that effects of immune checkpoint blockade therapy in RCC.

Then we further explored the function of 5-FU in an RCC subcutaneous mouse model in combination with anti-PD-L1 treatment. As shown in [Figure 3A](#f3-medscimonit-23-3360){ref-type="fig"}, the RCC mouse models treated with 5-FU and anti-PD-L1 Abs had the longest survival time and highest survival compared to other treatment groups, such as the anti-PD-L1 Abs single-treatment group and the 5-FU single-treatment group. The plot of the tumor volume increase also tracked similar trends: the mice receiving anti-PD-L1 and 5-FU combination treatment grew slower compared with other treatment groups and the control group ([Figure 3B](#f3-medscimonit-23-3360){ref-type="fig"}).

Chemotherapy and anti-PD-L1 combination therapy enhanced cytotoxic cytokines level in RCC tumor tissue
------------------------------------------------------------------------------------------------------

To further study the mechanism that the combination therapy of anti-PD-L1 and 5-FU in RCC model, we collected the subcutaneous tumor tissue and measured their key cytokines. As shown in [Figure 4](#f4-medscimonit-23-3360){ref-type="fig"}, we found many cytotoxic cytokines whose expression had been significantly increased by the combination treatment, including IFN-γ, TNF-α, and perforin. Notably, we also found that the level of IL-2 in the tumor tissue was also increased, although no statistically significant difference was observed between the combination treatment group and 5-FU single-treatment group ([Figure 4D](#f4-medscimonit-23-3360){ref-type="fig"}).

ICBT combining with chemotherapy promoted the tumor immunity in RCC tissue
--------------------------------------------------------------------------

As cytotoxic immune cells are the direct killers of tumor cells, we measured the level of tumor immune cells and immunosuppressive cells in the tumor tissue of the RCC subcutaneous model mice. The FACS analysis result indicated that 5-FU and anti-PD-L1 combination treatment significantly enhanced the ratio of CD8+ immune cells and CD11b^+^Ly6G^+^Ly6C^low^ MDSC compared with the 5-FU and anti-PD-L1 Abs single-treatment groups ([Figure 5](#f5-medscimonit-23-3360){ref-type="fig"}). This result suggested that the combination of chemotherapy and anti-PD-L1 treatment successfully induced the tumor immunity, which inhibited the RCC development in the mouse model.

Discussion
==========

Under physiological conditions, immune checkpoint molecules work cooperatively to protect the hosts from autoimmunity or immune collateral damage by inhibiting T cell signals. However, in many tumors, these suppressive molecules are abnormally activated, which results in depressed tumor immunity and allows the tumor cells to escape from tumor immunity \[[@b14-medscimonit-23-3360],[@b15-medscimonit-23-3360]\]. This provided a rationale for blocking these molecules to promote cancer treating. Recent studies have shown that immune checkpoint blockade benefited some cancer patients, even though limitations in response rate still exists \[[@b16-medscimonit-23-3360],[@b17-medscimonit-23-3360]\].

In our study, we primarily examined the efficacy of anti-PD-L1 treatment alone in a RCC xenograft mouse model and found that these mice were resistant to the anti-PD-L1 treatment. This drug-resistant phenotype was consistent with the modest activity observed in a previous clinical trial of immune checkpoint blockade treatment of metastatic RCC \[[@b13-medscimonit-23-3360]\]. Then, we used this RCC mouse model to explore the effects of combining immune checkpoint blockade therapy with chemotherapy. Notably, we observed the significantly increased efficacy of the combination treatment compared to either of the other 2 single treatments. The RCC mice who underwent 5-FU and anti-PD-L1 treatment had longer survival times compared with that of mice treated with 5-FU alone or anti-PD-L1 alone. This result was also consistent with a previous study in non-small cell lung cancer, which showed enhanced benefits of combination treatment of CTLA-4 antibody, carboplatin, and paclitaxel compared with the patients who received carboplatin and paclitaxel alone \[[@b17-medscimonit-23-3360]\].

To further explore the mechanisms behind the obvious benefits of 5-FU and anti-PD-L1 combination treatment in the RCC mouse model, we tested levels of key cytokines that regulate tumor immunity. We found the several important cytokines were apparently increased in the tumor tissue of mice that received the combination treatment, including IFN-γ, TNF-α, and perforin. IFN-γ is well known as a key activator of macrophages, a cytotoxic cytokine of targeting cells, and a stimulator of the expression of class II major histocompatibility complex (MHC) molecules \[[@b18-medscimonit-23-3360]\]. TNF-α primarily comes from various immune cells, such as macrophages and NK cells, and plays important roles in regulating immune response \[[@b19-medscimonit-23-3360]\]. Thus, the increase in IFN-γ and TNF-α suggests that the immune response intensity was enhanced by the combination treatment, and the increased level of perforin also suggests enhanced cytotoxic T cell activities. More importantly, our data from the FACS analysis of the tumor-infiltrating immune cells of the RCC mouse model indicated an increased ratio of CD8+ cell versus MDSC cells, suggesting that the combination treatment enhances tumor immunity via depleting immune-suppressive components.

Conclusions
===========

In summary, based on the data from the RCC animal model and analyses of possible mechanisms, we conclude that 5-FU chemotherapy can sensitize RCC to anti-PD-L1 treatment by releasing immune suppression in the tumor microenvironment. This study provides important evidence showing that combination of chemotherapy and anti-PD-L1 treatment might benefit advanced RCC patients.
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![Anti-PD-L1 treatment in a RCC subcutaneous mouse model. A total of 0.5×10^6^ Renca cells were subcutaneously inoculated into the flanks of mice to establish the xenograft RCC model. Anti-PD-L1 treatment did not achieve significant effects in this mouse model, which was similar to the drug resistance phenotype of RCC patients to anti-PD-L1 treatment. (**A**) The survival curve of mice receiving anti-PD-L1 treatment was close to the survival curve of mice in the control group. (**B**) Tumor volume growth of the mice who received anti-PD-L1 treatment was slightly slower than in the control group, but no significant difference was observed.](medscimonit-23-3360-g001){#f1-medscimonit-23-3360}

![The HMBG1 level in RCC cell lines after chemotherapies. Multiple RCC cell lines were treated with various chemotherapeutic agents, including Cytoxan, 5-FU, and paclitaxel. The HMGB1 level was measured by ELISA analysis. Increased HMGB1 levels were detected in these RCC cell lines: Renca (**A**), Caki-1 (**B**) and 769-P (**C**).](medscimonit-23-3360-g002){#f2-medscimonit-23-3360}

![Combination therapy of anti-PD-L1 and 5-FU in RCC subcutaneous mouse model. Mice were randomly allocated to different groups to accept different treatments: IgG, anti-PD-L1 Abs, 5-FU, and 5-FU and anti-PD-L1 Abs. (**A**) The survival curves indicated that the mice treated with 5-FU and anti-PD-L1 Abs had longer survival times compared to the mice receiving 5-FU or anti-PD-L1 Abs single treatment. (**B**) The tumor volume increase of mice receiving 5-FU and anti-PD-L1 combination treatment was the slowest among all the treatment groups.](medscimonit-23-3360-g003){#f3-medscimonit-23-3360}

![Enhanced release of cytokines in mouse RCC tumor tissue induced by chemotherapy and anti-PD-L1 therapy. The RCC tumor tissues were collected from the Renca subcutaneous mouse model mice to measure the alterations of cytokines. (**A--C**): Many cytotoxic cytokines, including IFN-γ, TNF-α, and perforin, were significantly enhanced in the RCC tumor tissue of the mice treated with 5-UF and anti-PD-L1 compared to mice treated with 5-FU single treatment. (**D**) IL-2 level, which is critical for T cell proliferation, was also increased in the RCC tumor tissue of mice treated with 5-FU and anti-PD-L1 combination treatment. \* P value less than 0.05; \*\* P value less than 0.01; \*\*\* P value less than 0.001.](medscimonit-23-3360-g004){#f4-medscimonit-23-3360}

![Combination treatment with 5-FU and anti-PD-L1 suppressed myeloid-derived suppressive cells. FACS analysis was performed to the measure the key immune cells infiltrating to the tumor tissue of RCC subcutaneous mouse model mice. (**A**) the representative picture of gating strategy of FACS analysis. (**B**) The ratio of CD8+ T cells *vs.* CD11b^+^Ly6G^+^Ly6C^low^ MDSC in tumor tissue of RCC mouse model mice. The mice receiving the 5-FU and anti-PD-L1 combination treatment had significantly increased ratio of CD8+ T cells and MDSC cells. \*\*\*\* P value less than 0.0001.](medscimonit-23-3360-g005){#f5-medscimonit-23-3360}
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